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ABSTRACT

In this memorandum we examine in detail the use of
the Apollo sextant and LM Optical Rendezvous System (LORS)
as aids for pinpoint landing an unmanned Lunar Payload Module
(LPM). We conclude that for exploration sites equivalent to
Apollo sites a lo accuracy of the order of 200 meters could
be obtained, subject to feasibility of the operational tech-

nique.

Certain studies should be undertaken in the areas of
sextant tracking simulation and guidance software to validate

these results.
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supiect: Pinpoint Landing for a Lunar DATE: September 16, 1968
Payload Module - Case 340

fROM: H, W, Radin
TM-68~2015-4

TECHNICAL MEMORANDUM

1.0 INTRODUCTION

In the later stages of lunar exploration, it will be
necessary to land large amounts of astronaut support equipment
on the Moon, close to an exploration site.¥* Since the prime
prospect for a supply vehicle is an unmanned LM, or Lunar
Payload Module (LPM), and since the current capability of the
LM for accurate landings depends on LM astronaut participation,
this study was undertaken to examine alternate techniques for
pinpoint landing.

Several technlques have been suggested; this memorandum
discusses the Joint use of the CSM sextant (SXT) and the LM
Optical Rendezvous System (LORS)¥¥* for descent guidance, TFor
the present study, the C3SM will be assumed to be manned, and the
landing site to have no artificial markers to aid in descent
guidance.

2.0 GENERAL DESCRIPTION OF THE LORS/SXT METHOD

This approach to terminal guldance takes advantage of
the astronaut's abllities in pattern recognition: the CSM
astronaut will search the terraln beneath him, compare it with
lunar surface charts, and identify the landing site, He will

*
TT 2 amem o~ T
Hinners, N. W., D. B. James, nd B, N, Sc
n

ar N, dt, A Tunar
Exploration Program, TM-68-1012-1, January 5,

**The LORS 1s an automatic optical tracking device, which
can automatically acquire a flashing CSM beacon at a range of
400 nautical miles (740 km) within a field of view of 0,6 degrees
(10 mr), and track it with an accuracy of 0.15 mr, The output of
the LORS goes directly to the LPM computer. (The LORS has been
developed as a backup to the LM rendezvous radar,)



BELLCOMM, INC. -2 -

then train the star line of sight (SLOS)¥* of the CSM sextant
on the landing site and press the mark button, transferring
the azimuth and elevation information to the CSM computer;
this information will then be telemetered to the LPM computer,
This is the unit vector Vog from the CSM to the landing site
(see Figure 1).

Simultaneously, the LORS will automatically track the
C3M from the LPM, aided by a flashing light beacon on the CSM,
and provide azlmuth and elevation data to the LPM computer.
This is the unit vector Vi from the LPM to the CSM.

The magnitudes of these two vectors will be obtained
approximately from the known heights of the CSM and LPM above
a smooth Moon, as determined from the landing radar and MSFN
tracking.*¥ The LPM computer will then calculate an update
on the vector VLS from the LPM to the landing site by adding

the above two vectors.

3.0 DESCRIPTION AND ANALYSIS

3.1 Acqguisition

The CSM astronaut must acquire the landing site visually
with the SLOS at some time prior to a few minutes before LPM touch-
down. For an 80 nautical mile CSM orbit, the landing site is first
visible at the horizon about 7-1/2 minutes before it 1s directly
beneath the CSM; thus the acquisition process cannot begin until

*Tne landmark line of sight of the sextant is not used. The
sextant cannot be used in its normal two-axis mode for this pur-
pose, since the computer is automatically given only the vector
directions of the optical axes of the two lines of sight. This can
be seen by imagining that the two sextant axes have been pointed at
the LPM and the landing site, with superposition obtalned at_ the
center of the field. If now the two axes are moved slightly, but
nct relative to cne ancther, the images will remain superimposed
but at a point off the center of the field. Thus the vector direc-
tions of the optical axes given to the computer will not represent
the directions to the LPM and landing site.

It is probably not realistic to require the astronaut to per-
form the superposition only at the center of the field.

*%

An alternative is combining data from the landing radar,
VHF ranging device, and LORS/SXT tracking to give a more precise
estimate of AhC and AhL.
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then., About six minutes elapses before the landing site is 45°
ahead of the local vertical at the CSM (45° declination); this
period may be used for acquisition. At the end of the acquisi~
tion period the slant range to the landing site i1s 113 nautical
miles, or 210 kilometers; the 5 x 7 km landing ellipse subtends
an angle of about 1,4 degrees, just about filling the 1.8 degree
field of view of the sextant,

Acquisition of the CSM by the LORS is an automatic
search process, within a 10 milliradian field of view; this
field should be easily sufficient. The relative location of
the CSM is known precisely until separation, and thereafter to
an accuracy determined only by navigational uncertainties and
IMU misalignments in the CSM and LPM. Except for the short
separation and Hohmann transfer burn periods, the LPM is in free
fall until the start of powered descent. Thus, acquisition of
the CSM may be made at any time by pointing the LORS in the antil-
cipated direction within 10 mr (0.6 degrees). The best way would
be to acquire before or immediately after separation, and search
only to recover from accildental loss of lock,

3.2 Tracking

The CSM astronaut is required only to keep the SLOS of
the sextant pointed at the landing site, and to press the mark
button whenever it 1is accurately centered. Since this must be
done in the face of very high elevation angle rates (see Appendix
A and Figure 2), one might question his ability even to keep the
landing site in the field of view~~related simulation evidence
indicates, however, that this is 1likely to be a reasonable task.¥
The problem is quite similar to lunar landmark tracking, which is
currently a test objective on Apolio Missions F and G.

Should later evidence disprove this conclusion, 1t is
alternatively suggested that the CSM computer control the space-
craft attitude in accordance with its prediction of the landing
site elevation, thus keeping the SLOS pointed approximately at
the landing site. When the astronaut is ready to center the
SLOS he will take over control of the SLOS from the computer,
but the CSM attitude rate that the computer had commanded will
remain--thus the astronaut begins with a stable image,¥*% and
need introduce only differential attitude rates,

*
Ivan Johnson, MIT Instrumentation Laboratory, private
communication.

¥%
This type of software might also be useful for CSM
orbital photography, perhaps on the same mission.
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As an example, allow the computer to point the SLOS
at the landing site initially, and to increment the CSM atti-
tude rate by 0.1 degrees per second whenever the landing site
elevation rate reaches this value. Then the maximum attitude
rate apparent to the astronaut will be 0,1 degrees per second.
Figure 3 shows the resulting apparent attitude rate; it can be
seen that the time intervals during which the astronaut has
control of the SLOS decrease as the CSM approaches the landing
site. The smallest interval, commencing about 60 seconds before
the CSM passes over the landing site, is about 25 seconds.

An interval of nearly 100 seconds occurs near the time
the CSM passes over the LPM and the landing site (about 170
seconds before LPM touchdown); this is the most critical time,
when the measurement accuracy is best (see Section 3.3),

3.3 Accuracy

The principal contributor to error in thils technique
is inaccurate knowledge of the helght of the LPM above the landing
site (see Appendix B). The LPM or CSM height uncertainties have
three components:

1, The uncertainty in the distance of the orbiting
CSM/LPM combination or the descending LPM from the
center of mass of the Moon, as obtained from MSFN

tracking.

2. The uncertainty in the distance of the surface of
a mean, smooth, aspherical Moon from its center of
mass,

3. Topographic irregularities superimposed on the

mean surface.

The 1o value of LPM height uncertainty, incorporating components

1 and 2, is currently thought to be about 350 meters, with the

CSM height uncertainty having a comparable value.¥ For an Apollo-
equivalent site, the contribution due to topographic uncertainties

*
MSC Memorandum 68-FM46-109, W. R. Wollenhaupt, March 27, 1968,
(AhC is given as 332 m.); MIT Instrumentation Laboratory Memorandum

E-1982, LEM PNGCS and Landing Radar Operations during the Powered
Landing Maneuver, B, Kriegsman and N, Sears, August 1966, (AhL is
given as 1139 ft.)
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may be assumed to be about an equal amount (the height error 10
km uprange of the landing site--high gate--due to a 2° surface
slope 1s just 350 meters). An rss addition of these two 350 m
components ylelds approximately a 500 m composite lo error in
CSM and LPM height; the resulting error in downrange distance
measurement 1s shown in Figure 4, (When the landing radar comes
on, 1t will reduce the LPM height error due to MSFN tracking to
some smaller value, The component due to lunar surface eleva=-
tion errors relative to the landing site will remain.)

The lo downrange residual error which cannot be removed
by LORS/SXT tracking has a value of about 170 meters,* assuming

the last measurement*#¥ i1s taken where the (AD)rss curve 1s a min-

imum, near high gate. Assumlng errors of 1 km in hL and hC’ the

corresponding value of (AD)rss is about 180 meters (see Figure 5);

a 2 km error in height leads to about a 215 meter downrange error
(Figure 6).

The companion Figures 7, 8, and 9, show the four com-
ponents of the downrange error, and make clear the dominance of
the AhL tan £ component (¢ is the angle to the LPM from the CSM

local vertical); this portion goes to zero when the CSM is direc-
tly over the LPM, which occurs approximately at high gate for the
standard Apollo trajectory used. The crossrange error is shown
in Figure 10; Figures 11 and 12 describe the trajectory.

Thus the LORS/SXT technique is quite accurate for terrain
which is itself accurately described (downrange errors are due
principally to errors in the knowledge of relative surface heights).

4.0 IMPACT ON APOLLO DESIGN

4,1 Hardware

There are two principal hardware requirements for the
LORS/SXT system: a telemetry link and the LORS itself, A telem-
etry link is required in order to communicate the results of an
SXT update of the landing site to the LPM computer, which will
perform the final update computations. A command link is already

*As with any such scheme, the physical dimensions of the sur-
face object tracked (crater, etc.) will also affect the accuracy.
For example, the center of a 10 km crater cannot be found to 1 meter
accuracy.

**We assume a series of measurements, having steadily improv%ng
accuracy, with the last measurement taken where the error curve 1s
a minimum. Gross errors may thus be corrected early where the fuel
cost 1s lower.
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planned for the LM-ATM, and could be adapted to a lunar LPM,

but the useful data transfer rate is too low due to extensive
checking and verifying procedures. Modification of these
procedures could probably reduce the transmission time for

a state vector update from the current 14 seconds (approximately)
to about 2 or 3 seconds.

The LORS has been developed as a backup to the LM
rendezvous radar, although a flight model is not presently
available,

4,2 Software

Software modifications are needed for two purposes:
to permit the CSM computer to assist the astronaut in attitude
control, and to permit the LPM computer to absorb telemetered
data from the CSM, The former is a relatively minor change,
while the latter may be substantial--some study of this question
is essential.

The question of update weighting functions should be
reexamined for this update technique, in view of the steadily
improving accuracy as a function of T and the opportunity to
mop up control errors. g0

4,3 Astronaut Training and Simulation

While the tasks required of the CSM astronaut(s) are
not excessive, the angular rate of tracking for the mode without
computer assistance is quite high. An early simulation of this
problem should be made to evaluate the time constraints and to
determine the astronaut's tracking abilifies at these rates.,.

Such a simulation would also be a useful preliminary to the lunar
landmark tracking test objectives of Apollo Missions F and G.

5.0 CONCLUSIONS AND RECOMMENDATTIONS

We have shown that the joint use of the LORS and the
CSM sextant may permit an LPM landing accuracy of the order of
200 meters (1lo), under reasonable assumptions concerning the
knowledge of lunar surface elevations. These assumptions are
met , for example, for all Apollo sites, and for some Apollo-

equivalent exploration sites.
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For many scientific exploration sites, the problem
is tougher for two reasons: the terrain itself is often more
topographically violent, and our photography of the sites is
more limited in its quantitative accuracy. The result is a
more limited potential for landing accuracy, and a need for
additional fuel margins to permit LPM descent from the minimum

safe height. Work on this technique for the sclence sites is
continuing,

It should be noted that, although a typical Apollo
descent profile was used for ¢convenience, there is no particu-
lar reason to retain this constraint for an LPM mission. For
example, the visibility phase could be eliminated, the flight
path angle increased, and the lighting conditions modified. A
substantial fuel saving would probably result.

With regard to the Apollo candidate sites, certain
points should be studied in order to validate this technique:

1. The ability of a CSM astronaut to perform the
requisite tracking tasks with the sextant at
the high angular rates involved. Present indi-
cations are, from related simulations, that he
can do so. In particular, a specific simulation
should be performed,.

2. The extent of the software changes necessary to
utilize the LORS/SXT updates in the CSM or LPM
guidance computers (including time synchronization
of the LORS and SXT measurements), along with a
consideration of the weighting functions to be
v~ A A oA A A+t T AA Aannmmn e T e 8 U T - | AT o~
UOCU e a0 iaveL o U uvad LU oLl Ul d.llcl,.LJ oL e N ARV RV E atLouw

be performed,

3. The specifics of the logic changes needed to speed
up the transmission of telemetry data from the CSM

to the LPM (telemetry hardware is currently planned
for the LM-ATM).

In summary, the use of the LORS/SXT combination may
permit a substantial improvement in the landing accuracy of
an LPM (actually the present quoted 5 x 7 km error ellipse
of the LM),
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APPENDIX A

DERIVATION OF SEXTANT TRACKING RATE

CSM

L) ANDING SITE

We should like to determine the rate of change of the
angle B between the local vertical at the CSM and the landing
site (we must of course add to this the angular rate of change of
the local vertical as the CSM proceeds in its orbit). This angle

B is the pointing angle of the CSM sextant, and ag is a measure of

dt
the difficulty of the tracking task.
From the law of cosines,
2 2 2 - N

r~ = (r + h)" + y- = 2y(r + h) cossB (A-1)
which yields

D - y2 + h2 + 2rh (A2

vERE 2y(r+h) TS
Also,

y2 = r2 + (r + h)2 - 2r(r + h) cosa (A-3)




Combining (A-1) and (A-3), we get

cosp = 1 - § cosa , where 6§ = ——

5 r + h
WJl + § - 28 cosa

(-90°28290°),

2
and cos2e (1 5 § cosa) (A1)

1+ 6§ - 28 cosa

2 2
1 - COSZB - 62 sin a
1 + 8 - 28 cosa

Now sin™g s

28 sina (1 - & cosa)

1+ 62 -~ 28 CcOSa

and sin2s 2sinBf cossB

Differentiating (A-4),

(1L - & cosa)2

1 + 62 - 28 cosa J

d(coszs) =-2 singcospdp =-sin2gdp = d [

Substituting for sin2g8 on the left, and differentiating on the
right, we obtain the result

%g = & (cha - 6) (A-5)
@ 1+ §° - 2§ cosa

where we have chosen the positive root of sinds to assure that
the algebraic signs of sine and sing will be the same.

By the chain rule,

dt 1 + 62 - 26 CcOSa

dBn § (COSG - 5) da (A—6)




The period of an 80 nautical mile CSM orbit is
slightly greater than two hours, and the angular velocity

=-0.048 degrees/second.

degrees/second

da
3t 18 just
d—a ==W = -360
dc ¢~ (122.77)(60)
For the same orbit,
1877
) = r = 2 =
2
Letting o = WCT, equation (A-6) may be written
de _ 8§ (cos WCT - 8)
9t 1+ 6% - 25 cos W,T

Using the above numbers, equation (A-T7)

T =

0 when the CSM is directly overhead
minus sign has been dropped

(A-T7)

is plotted in Figure 2;
at the landing site,.
in plotting t

The

iR ahtd
4V




APPENDIX B

CALCULATION OF LORS/SEXTANT MEASUREMENT ERROR

We shall calculate the errors in the downrange and
crossrange measurements independently, for the sake of simpli-

city,
technique.

perform a vector addition in three dimensions.

Downrange Error

Csm

M

L

h LANOING
N S/ T&

since our purpose is simply to show the usefulness of this
The CSM (or LPM) guidance computer will of course

——

Assuming for the moment that the LPM has no
error, and that it travels in the plane of this page,
sion for the downrange distance D of the LPM from the

is given by

D=nh

L tang + hC (tanB - tang)

crossrange
the expres-
landing site

(B-1)

The error in a measurement of D is given by the total

differential,

(R-2)
\C—o



if the variables are independent, we must use instead AD

where rss’
2 2 / 2 2
2 _[sD 8D 8D 8D
AD, | = 3h Ang| o+ Sh Ahp +(GB AB + (65 AE
(B-3)

It can be shown that

AD = (tanp - tang) AhC + (tang) AhL - (hC - hL)(l + tanzg) AE

+ ho(l + tan®g) AB (B-14)
and it follows directly that

2

ADrss = (tans—tang)z(AhC)2

+tan2£(AhL)2+(hC—hL)2(1+tan2£)2€A£)2

+h02(l+tan26)2(AB)2. (B~5)

The errors AD and AD___ are plotted in Figures 4-6, and

the individual components are plotted in Figures 7-9. For these
curves, the values of hC’ hL, B, and & h&ve been obtained from a

specific run of the BCMASP program, courtesy of IF. Heap ~ this is
a typical 80 nautical mile Apollo orbit and descent trajectory.

Various values for AhC, Ah,, AB, and Af were assumed, and
P}

noted on the curves; it was assumed that AhC = AhL and AR = AE. The

assumption of 0.0008radians for AR and At is discussed in Appendix C.

LPM cmOSSRANGE
A0S/ T 10N

LPA NOrMInAL
——————— Moss/rien

h, LANOING
SI/ITE




The crosstrack displacement (out of plane) may be
obtained from

c _Bc-hp
tantg cOSE » or
C =(h, - h ) Lanc (B=6)
C L’ cosg °
As before,
_ 8¢ 8¢ ¢ 8¢
AC = sp= Ahg + o bhp 5 AE + 52 At (B=T7)
C L
ac = 88D (4p  _ ah.) + (h. - h.) tang GRE 4.
coOSsE C L C L coSs¢
h,. - h
C L 2
cost secrAC (B-8)
2_ 1 2 2 2 2 2 2 2
(ACPSS\ = 5 tan“¢ (AhC + AhL ) + (hC - hL) tan“ctan“g(Ag)
COS ¢ L
2
(hy - hy)
2

+ —— a0)? (B-9)

COS ¢

Since the angle errors are
(Ag)2 = (Ac)2; also, cosuc =1 - 2;2 and tan“c = ¢ for z<<l. Then

2 1 2 2y .2 2 2 2 2
(Acrss) - 5— [(ahs" + ah; ") 7 + (hy - hy )" z7tan"g(ag)
cos g
2
(hy - h;)
+ —C Lg (8g)° (B-10)

1l - 2¢




Now letting ———l——E- =1+ 2;2, and collecting terms,

1 - 2¢

2
A d 2 2 2 2
( Crss) = 12 (ah,™ + ah ") ¢ + (hq - hL)Z(Ag) [1 r o2+ tanza)]

(B~11)

As an example, consider the case

AhC = AhL = 2 km

Ag = Ar = 0.0008 radians
g = U45°

hy = 148 km

hy = 7 Im

from the Apollo trajectory, and assume an actual crosstrack dilsplace-
ment of C = 2.5 km, Then

1.u14}

-1 (l)( 2

-1{C cost - : tan~1(0,0125)%0,0125 rad,

hy = hy

r = tan = tan




This gives

ac, |2 &2 [(2% + 2%)(0.0125)% (1&1)2(0.0008)2[1 +(0.0125)2(2 + 14
L
* 2 |(8)(0.0125)% (141)2(0.0008)2
L.
22 (1.40) 1072 km?
and
AC..os =167 meters

An examination of the numbers allows us to assume

c2(2 + tan2g)<<l

for any reasonable values of the variables. Then

7
1

rss 2
cos &

(Ah e + Ah 2) ;2 + (hC - hL)2 (Ag)gJ . (B=12)

C L

Figure 10 is a plot of ACPSS as a function of TGO for the three

height error values assumed for the downrange case; the curves
also assume that the initial value of C is 2.5 km, the 3¢ uncorrec-
ted crossrange error of the LPM.




APPENDIX C

The assumption of 0.0008 radians (0.8 mr) for
AB and Ag 1s obtained as follows:

For the CSM, an 1nitial 3-axis (lo) misalignment

of 114 arc seconds (0,553 mr), combined (rss) with 70 minutes
of drift at 0.5 mr/hr (coasting),

For the LM, an initial misalignment of 0.553 mr
combined with 60 minutes of drift at 0,5 mr/hr and 10 minutes
of drift at 1.75 mr/hr (powered flight),

Each of these rss additions results in a total IMU
error of 0,0008 radians, 1lo.




